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Abstract: Leuciscus waleckii, an endemic fish species in the Yellow River Basin, holds significant ecological and
germplasm value. However, its wild populations have declined sharply due to habitat destruction, overfishing, and
environmental pollution, now surviving only in localized waters such as the upper Yellow River and the Luohe River
system. To elucidate its germplasm characteristics and adaptive evolutionary mechanisms, we employed whole-genome
resequencing to analyze 15 samples: 5 L. waleckii from the Luohe River system (LH group), 5 L. waleckii from the Wusuli
River (WS group), and 5 L. waleckii from Dalai Lake in Inner Mongolia (ALK group, data downloaded from NCBI SRA
database with accession number PRINAXXXXXX). Analyses included SNP/InDel detection, genetic differentiation index
(Fst), nucleotide polymorphism (67), and GO/KEGG enrichment. Results showed that the LH group exhibited the highest
nucleotide polymorphism (6 = 0.000998656), indicating optimal genetic diversity. Overall genetic differentiation among
the three populations was low: Fst values between LH and WS, and between LH and ALK were 0.0402803 and 0.0370886,
respectively (indicating minimal differentiation), while ALK and WS showed moderate differentiation (Fst = 0.0970577).
UPGMA phylogenetic tree analysis confirmed that the Luohe River system L. waleckii forms an independent clade, distinct
from the other two populations, verifying it as a separate species. This study provides insights into the adaptive evolution
and germplasm potential of L. waleckii, offering a scientific basis for developing conservation strategies and sustainable
utilization of this endangered species.
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1 Introduction

Leuciscus waleckii is a unique indigenous fish in the Yel-
low River Basin, playing crucial roles in maintaining eco-

habitats including the upper Yellow River and the Luohe
River system [1]. Despite its ecological importance, the ge-

logical balance and preserving germplasm resources [1].
However, anthropogenic disturbances and environmental
degradation have led to a drastic reduction in its wild popu-
lations, with surviving individuals restricted to fragmented

netic diversity, population structure, and adaptive evolution-
ary mechanisms of L. waleckii remain poorly understood,
hindering effective conservation and sustainable manage-
ment.
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Advances in whole-genome resequencing technology
have enabled high-resolution analysis of genetic variation,
population differentiation, and adaptive traits in aquatic or-
ganisms [2, 3]. This approach has been widely applied in
fish germplasm evaluation and genetic improvement,
providing robust tools for deciphering evolutionary pro-
cesses [3]. Currently, research gaps exist regarding L. wal-
eckii: its genomic characteristics, population divergence
history, and adaptive responses to environmental changes
are not fully resolved; genetic differences from closely re-
lated species (e.g., other Leuciscus spp.) and key genes un-
derlying economic traits remain uncharacterized.

To address these gaps, we conducted a comparative pop-
ulation genetic analysis of L. waleckii from three geograph-
ically distinct habitats using whole-genome resequencing.
By assessing genetic diversity indices (6, SNP/InDel varia-
tion) and population differentiation (Fst), we aimed to: (1)
characterize the genetic structure of L. waleckii in the Luohe
River system; (2) compare genetic diversity among popula-
tions from different habitats; (3) verify the taxonomic status
of Luohe River system L. waleckii; and (4) provide a scien-
tific basis for conservation and germplasm utilization.

2 Materials and Methods

2.1 Sample Collection and Preparation

Five wild L. waleckii individuals were collected from
Guxian Reservoir in the Luohe River system (LH group:
body weight 116.85 +3.24 g, body length 22.14 +0.46 cm).
Five L. waleckii individuals were collected from the
Wusuli River (WS group: body weight 138.32 +£4.21 g,
body length 21.20 £1.39 cm). Whole-genome resequenc-
ing data of five L. waleckii from Dalai Lake (ALK group)
were downloaded from the NCBI SRA database (accession
number: PRINAXXXXXX) [4]. All samples were stored
at -80 T until DNA extraction.

2.2 DNA Extraction, Library
Construction, and Sequencing

Genomic DNA was extracted using the phenol-chloroform
method, and quality was verified by 1% agarose gel electro-

phoresis and Nanodrop 2000 (Thermo Fisher Scientific, USA).

Paired-end libraries (insert size: 350 bp) were constructed us-
ing the Illumina TruSeq DNA PCR-Free Library Prep Kit, fol-
lowed by sequencing on the Illumina NovaSeq 6000 platform
(Mumina, USA) to generate 150 bp paired-end reads.

http://www.lifescitech.org

Genetic Structure and Genetic Diversity of Leuciscus waleckii in the Luohe River System

2.3 Sequence Alignment and Variant
Calling

Raw reads were filtered using Trimmomatic (v0.39) to
remove low-quality reads (Q < 20), adapter sequences, and
contaminating sequences. Clean reads were aligned to the
L. waleckii reference genome (GenBank accession: JA-
JAVRO1) using BWA-MEM (BWA v0.7.17) [5, 6]. PCR
duplicates were removed using Picard Tools (v2.27.4).

SNP and InDel calling were performed using GATK4
(v4.2.6.1): HaplotypeCaller was used to generate gVCF
files, which were merged with CombineGVCFs; Variant-
Filtration was applied with filters: QD < 2.0, FS > 200.0,
ReadPosRankSum < -20.0, and DP > 4. ANNOVAR soft-
ware was used to annotate variants, including genomic lo-
cation and variant type [6-9].

2.4 Population Genetic Analysis

(1) Genetic diversity: Nucleotide polymorphism (87)
was calculated using VCFtools (v0.1.16) with a win-
dow size of 100 kb and step size of 50 kb.

(2) Genetic differentiation: Pairwise Fst values between
populations were computed using VCFtools, with
significance tested by 10,000 permutations.

(3) Phylogenetic analysis: A UPGMA phylogenetic tree
was constructed using PHYLIP3.5 with 1,000 bootstrap
replicates, including 7 species (L. waleckii, Cyprinus
carpio, Salmo salar, etc.) for taxonomic verification.

(4) Population structure: Admixture analysis (v1.3.0)
was performed with K values ranging from 1 to 5 to
infer ancestral components.

(5) The three commonly used methods—ypopulation ge-
netic differentiation index (Fst), population nucleo-
tide polymorphism (6n), and population neutrality
test (Tajima’s D)—were widely applied in the anal-
ysis of selective sweeps. Among these, Fst served as
a critical metric for quantifying the degree of genetic
differentiation between populations. According to
Wright’s classification criteria, Fst values can be
categorized as follows: values ranging from 0 to 0.05
indicate extremely low levels of genetic differentia-
tion; values between 0.05 and 0.15 represent moder-
ate genetic differentiation; values between 0.15 and
0.25 denote high genetic differentiation; and Fst val-
ues exceeding 0.25 suggest significant genetic diver-
gence between populations. In the context of selec-
tive sweep analysis, a lower Ox value was generally
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interpreted as an indication of reduced nucleotide
polymorphism within a population, which may re-
flected stronger selective pressures acting on the lo-
cus under investigation [9-11].

3 Results

3.1 Whole-Genome Resequencing
Overview

A total of 158.86 Gb high-quality data were generated

from 15 samples, with an average of 79.85 million clean
reads per individual (10.59 Gb per sample). The average
sequencing depth was 8.58> Q30 value was 96.90% (base
error rate < 0.1%), and average GC content was 41.74%,
consistent with typical fish genome sequencing character-
istics [12, 13].

Average mapping rates were 98.13% (LH group),
99.58% (WS group), and 79.43% (ALK group). The
lower mapping rate of the ALK group may be attributed
to genetic divergence caused by geographical isolation
[14], but all samples met the requirements for subse-
quent analysis (Table 1).

Table 1 Statistics of sequencing data

Sample Raw reads Clean reads GC (%) Mapped (%) Ave-fold depth (%)
LH1 104438390 97045826 38.96 99.72 12.69
LH2 99737132 93609362 38.92 99.3 12.17
LH3 84986284 78582832 38.6 99.68 10.32
LH4 88247892 81020030 38.42 99.52 10.56
LH5 93104312 86883280 38.15 92.45 6.82
WS1 101546760 92918568 38.83 99.66 12.11
WS2 92249000 84941436 39.08 99.43 11.06
WS3 86127666 80063056 38.64 99.67 10.42
ws4 82859536 76547668 38.91 99.63 10.03
WS5 87226192 81232278 38.95 99.55 10.57
ALK1 89219356 75895152 48.52 71.43 4.28
ALK2 71831704 57372982 53.31 63.25 2.94
ALK3 84285498 69705828 53.41 63.6 3.35
ALK4 106392846 89572898 43.1 99.56 7.1
ALK5 73394930 52293810 40.23 99.33 4.34

3.2 Genomic Variation Characteristics

3.2.1 SNP Variation

A total of 71,509,308 high-quality SNPs were identified,
with 36,423,745 (LH group), 27,927,693 (WS group), and
7,157,870 (ALK group). The LH group had the highest pro-
portion of homozygous SNPs (42.12%), followed by the

WS group (29.96%) and ALK group (29.29%), indicating
strong genetic stability in the wild LH population [14, 15].

Annotation showed that 68,539,186 SNPs were located in
annotated regions: 49.65% in intergenic regions, 44.36% in
introns, and 5.99% in exons. Among exonic SNPs, 44.65%
were synonymous mutations and 32.58% were nonsynony-
mous mutations, which may affect protein structure and
function, potentially contributing to adaptive evolution [16]
(Table 2).

Table 2 SNP detection results

Sample ID SNP num Transition Transversion Heter num Hom num
LH1 5508188 2502019 2867237 3205097 2303091
LH2 5673678 2567835 2959517 3326466 2347212
LH3 5436565 2430942 2863171 3131929 2304636
LH4 5493732 2457967 2892572 3135912 2357820
LH5 5528040 2489690 2895624 3199851 2328189
Ws1 5698301 2560876 2992234 4004663 1693638
WS2 5660541 2538679 2974721 3981807 1678734
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Sample ID SNP num Transition Transversion Heter num Hom num
WS3 5578244 2497970 2936566 3902989 1675255
ws4 5453171 2449594 2862491 3799979 1653192
WS5 5537436 2495849 2900408 3872023 1665413
ALK1 1480578 756415 693536 1057881 422697
ALK2 769555 425304 330510 564343 205212
ALK3 842507 469575 357699 632791 209716
ALK4 2387943 1168996 1171820 1674337 713606
ALK5 1677287 788901 850725 1131831 545456

o genomes [16, 17]. The LH group had the highest proportion
3.2.2 InDel Variation of insertions (44.98%), followed by the WS group (44.97%)
A total of 18,967,319 InDels were detected, including ~ 219 ALK group (43.79%). Regarding homozygous/hetero-

8,523,090 insertions (44.94%) and 10,444,229 deletions ~ 2Y9ous InDels, the LH group had the highest proportion of

(55.06), consistent with InDel variation patterns in most fish homozygous InDels (43.07%), followed by the ALK group
(36.04%) and WS group (31.37%) (Figure 1).

A

B Genome Insertion

LHH#EA ALK#HEA WSHEA B Genome Deletion

BN Genome Hom

LIFEfA ALKJRE(A WStk BN Genome Het

Figure 1 Statistics of InDel variant sites

(A) Proportion of insertion/deletion InDels in three populations; (B) Proportion of homozygous/heterozygous InDels in three populations

and optimal genetic diversity, consistent with its wild, un-
3.3 Popu|ation Genetic Diversity managed status [18]. The WS group (6x = 0.000206667)
and ALK group (6 = 0.000154946) had lower genetic di-
versity, likely due to artificial selection and reduced genetic
flow from captive breeding [19] (Figure 2).

The LH group had the highest nucleotide polymorphism
(6t = 0.000998656), indicating minimal selection pressure
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Figure 2 Distribution of population nucleotide polymorphism (67)

(A) LH population; (B) ALK population; (C) WS population

3.4 Genetic Differentiation and Phylogeny

Pairwise Fst values showed minimal differentiation between LH and WS (0.0402803) and between LH and ALK
(0.0370886), while ALK and WS exhibited moderate differentiation (0.0970577) (Figure 3).
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Figure 3 Analysis of population genetic differentiation index (Fst)
Cyprinus carpio (Cyprinidae) clustered closely with the
three L. waleckii populations, consistent with taxonomic

The UPGMA phylogenetic tree showed that individuals
from each L. waleckii population clustered into independ-
ent clades with bootstrap support > 95%. The ALK and WS classification [23] (Figure 4).
groups clustered first, while the LH group formed a sepa-
rate clade, confirming it as an independent species [20-22].
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Figure 4 UPGMA cluster plot of Leuciscinae populations and other species
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4 Discussion

Sample size and molecular marker quantity are critical
for population genetic studies [24]. Nazareno et al. demon-
strated that >1,500 SNPs with >2 individuals per popula-
tion suffice for reliable genetic differentiation analysis [25].
Despite the small sample size (5 individuals per population)
due to the rarity of wild L. waleckii, our study generated
millions of SNPs (36.42 million in LH, 27.93 million in
WS, 7.16 million in ALK) via high-depth sequencing
(~37.45%), ensuring sufficient genetic information for ro-
bust conclusions.

The LH group exhibited the highest genetic diversity
(highest 6, SNP, and InDel counts), likely due to its com-
plex and well-protected habitat in the Yellow River Basin,
where ecological conservation efforts have effectively pre-
served wild germplasm [26]. In contrast, the ALK group
(closed lake habitat) had the lowest genetic diversity, at-
tributed to limited gene flow, inbreeding, and local adapta-
tion to extreme environments.

Moderate genetic differentiation between ALK and WS
may result from geographical isolation (Inner Mongolia vs.
Northeast China) and divergent selection pressures (saline-
alkaline lake vs. freshwater river). Minimal differentiation
between LH and the other two populations suggests recent
common ancestry, while the independent phylogenetic
clade of LH confirms its unique taxonomic status, high-
lighting the need for targeted conservation.

5 Conclusions

(1) Leuciscus waleckii from the Luohe River system ex-
hibits the highest genetic diversity (On =
0.000998656) among the three populations, while
the Dalai Lake population has the lowest (O =
0.000154946). Genetic diversity differences are
closely associated with habitat type (closed lake vs.
open river) and anthropogenic interference (captive
breeding vs. wild state).

(2) Phylogenetic analysis confirms that L. waleckii from
the Luohe River system is an independent species,
distinct from populations in Dalai Lake and the
Wusuli River.

These findings provide a foundation for understanding
the adaptive evolution of L. waleckii and support the devel-
opment of targeted conservation strategies for this endan-
gered endemic species.
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